This study was driven by the hypothesis that heteroatom replacement in bambusurils could significantly modify their anion binding properties. Indeed, calculations with various glycoluril and bambusuril analogs predict that such replacements significantly alter their molecular electrostatic potential and binding properties. Both polarization and electrostatic interactions contribute to anion binding, leading to a general trend of affinity among the neutral molecules: X = S 4 O 4 NH. In bambusurils the heteroatom replacement at the portal carbonyls affect the induced dipole more significantly than replacements at the equatorial carbonyls. The stronger polarization and stronger anion binding manifest the increased aptitude of the portal heteroatoms as electron sinks. Notably, this study predicts that protonated aza-bambusurils would not only bind multiple anions along their main axis, but could also function as synthetic anion channels.
Introduction
The glycoluril molecule, 1, has a unique multifunctional structure that renders it an increasingly recognized building block for supramolecular architecture, as demonstrated by the two rapidly growing families of cucurbiturils [1] [2] [3] [4] and bambusurils. [5] [6] [7] Although both macrocycles are cycloolygomers of glycolurils connected by methylene bridges, they exhibit diametrically different host-guest chemistry. While the cucurbiturils efficiently bind cations at their portals and hydrophobic guests at their interior, 8, 9 the bambusurils strongly bind anions at their interior. [10] [11] [12] [13] [14] [15] Clearly, the relative orientation of the glycoluril units with respect to the guest molecules is key to their binding preferences. While cucurbiturils present to their guest molecules the concave, hydrophobic face of their glycoluril units, the bambusurils present their convex, electron-poor faces, rendering them anion binders. 16 Realizing that these dramatic differences reflect a highly diverse electrostatic landscape on the glycoluril molecular surface, we envisioned that the replacement of either one oxygen atom or both by another heteroatom, such as sulfur or nitrogen (e.g. 2, Fig. 1 ) would significantly alter its molecular electrostatic potential and binding properties. Hence, the appropriately modified cucurbiturils and bambusurils could offer novel binding opportunities. Unfortunately, although predicted to be thermodynamically stable, 17, 18 thio-cucurbiturils could not be synthesized to date. 19, 20 With bambusurils, however, our efforts to prepare heteroatomic analogs turned out to be more successful. 21 We took advantage of the relative stability of substituted monothioglycolurils to synthesize semithio-bambusuril, 3b, which exhibited strong binding to a broad variety of anions in its interior. Interestingly, although sulfur is less electronegative than oxygen, 3b was found to be a generally stronger anion binder than 3a. 22 As revealed by their crystal structures with halide guests, the anionbinding site in both 3a and 3b is located at the center of the macrocycle, far away from the polar groups. In all cases the halide anion is held in an electrostatic focal point with close contacts to 12 methine hydrogen atoms ( Fig. 2) . 5, 21 We hypothesized that heteroatom replacement in bambusuril could significantly modify its anion binding properties. Here we report that DFT calculations indeed predict that the anion binding ability of either glycolurils, or bambusurils, are strongly affected by the nature of their heteroatoms, following a general trend among the neutral molecules: X = S 4 O 4 NH. The results also suggest that the most positive electrostatic potentials occur at the vicinity of the methine hydrogens and the most negative potentials reside at the portal heteroatoms, and not at the equatorial ones. Most importantly, this study predicts that protonated semiaza-bambusurils would function as multiple anion binders and could even serve as anion channels.
Results and discussion
In order to estimate the binding properties of the various bambusuril analogs we had to understand the electrostatic landscape of the monomeric unit, free of the steric constraints exerted by the entire macrocycle. Nevertheless, while embedded within the bambusuril framework the glycoluril unit becomes quite rigid. Therefore, in order to best represent this situation we carried out all computations on the more rigid derivative, 2, where all nitrogen atoms are locked within a tetracyclic system with restricted conformational freedom. Furthermore, in all calculations we replaced only one of the glycoluril oxygen atoms by other heteroatoms in order to use the unmodified urea as an internal reference for comparison with the modified one.
To calculate the structures of the complexes formed by 2a-e with chloride anions as well as their energies we used three different methods: B3LYP/6-311+G** with and without the D3 version of Grimme's dispersion, 23 and M062X/6-311+G**. 24, 25 We have taken this approach in order to evaluate the dispersion forces, which could have a significant effect on the geometry and energy of the complexes. Since the M06-2X functional has proven useful for predicting non-covalent interactions we compared the electrostatic potential maps, structure of the HOMO and LUMO and binding geometries of the different complexes ( Fig. 3 ) as calculated with either M06-2X or with the two versions of B3LYP.
Since in bambusurils the guest anion is held at the center of the macrocycle with close contacts to the methine hydrogens we checked whether this would also be the case with the monomeric model, 2. Indeed, our calculations show that the same interactions are dominant in the cases of all neutral molecules, 2a, 2b and 2d (X = O, S, NH, Fig. 3 ). In the case of the charged analogs the binding geometries reflect different interactions.
In the case of 2c (X = SMe + ) we examined two conformers with the methyl group residing on either the concave or convex face of the molecule. The latter conformer, shown in Fig. 3 , is more stable and also binds the chloride anion more strongly. The anion interacts with the p system of the thiourea unit, thus maintaining contacts with both the methine hydrogens and the methyl group ( Fig. 3 ). Expectedly, with 2e (X = NH 2 + ), the preferred anion binding site lies near the cationic group with close charge-charge interaction as well as hydrogen bonding with both the N-H group and the neighbouring methylene.
Remarkably, the HOMO of 2b is located mostly on the sulfur atom rather than on the oxygen, even though the latter is more electronegative. This observation leads to the prediction that semithio-glycolurils would preferentially bind metal cations at the sulfur atom rather than at oxygen. Indeed, we have already shown that semithio-bambus [4] uril strongly binds mercuric chloride and palladium(II) acetate at its sulfur atoms. 21 Table 1 presents the electronic energy, binding enthalpy and Gibbs free energy of complexation (calculated with all three functionals) between the glycoluril analogs, 2, and a chloride anion. The inclusion of dispersive interactions (with B3LYP D3 Fig. 2 Left: X-ray structure of 3b with a bromide anion guest. Right: A truncated structure of the complex showing some short contacts (color code: oxygen, red; nitrogen, blue; carbon, grey; bromine, brown; hydrogen, white). 21 and M06-2X) produced more stable structures, about 2 kcal mol À1 more negative than with B3LYP (except for the case of 2c). The binding energies with all three methods were found to follow the same trend with the positively charged derivatives, 2c and 2e, being the strongest binders, whereas for the neutral molecules the binding increases with S 4 O 4 NH.
Natural bond orbital (NBO) analysis allowed for assessing the natural atomic charges before and after complexation. Results of these calculations reflect the charge transferred from the chloride ion to 2a, 2b, 2d and 2e and the induced change in electronic charge distribution in the glycoluril derivatives as a result of interaction with the electrostatic field of the chloride anion ( Table 2 ). The calculations show that the binding energies are strongly affected by the nature of the heteroatom X, although it is positioned far away from the anion. Most of the positive electron density resides on the methine hydrogens and its amount is larger with 2b than with 2a and 2d ( Table 2 and Fig. 4 ).
The enhanced positive electron density at the methine area of 2b relative to either 2a or 2d can be understood in terms of the greater charge transfer from the lone pairs of the ureido nitrogen atoms to the p*(CQX) orbital in 2b (XQS) than in 2a (XQO) and 2d (XQNH). As observed with thioamide and amide groups, 26 this effect reflects the greater polarizability of the sulfur atom, awarding the nitrogen atoms in 2b with larger positive charge.
Expectedly, upon binding to the chloride anion the X atom and the methine carbon become more negative whereas the hydrogen atoms of the methine groups become more positive, all testify for the formation of an induced dipole moment upon binding. In the case of 2d the charge change on either O or NH is comparable whereas in 2b the charge modification on S is greater than on O, reflecting greater polarizability of sulfur in comparison to oxygen. 27, 28 Thus, although oxygen is more electronegative than sulfur, the greater polarizability of the latter contributes to the stronger binding to anions.
Thus, the greater polarizability allows, not only for stronger dispersion forces, but also for stronger electrostatic interactions, both from the initial electrostatic charges on the glycolurils and from the greater induced dipole moment. The relative contribution of the dispersion interaction in the complexes can be deduced from the energy differences calculated with either B3LYP or B3LYP-D3.
Apparently, the dispersion contribution is rather small, in the order of 2-3 kcal mol À1 for all neutral complexes, whereas for 2b this contribution is slightly larger than for 2a and 2d. Remarkably, calculations with M06-2X show that 2e can bind more than one anion. In addition to the central binding site, a second chloride anion can form hydrogen bonds with either the N-H* (Fig. 4 ) and the nearby CH 2 or with the two methine hydrogen atoms. The binding energies of these complexes (relative to the monoanionic complex) were found to be À31.89 and À29.44 kcal mol À1 , respectively. Adding a third chloride anion to the more stable dichloride complex would cost 16.30 kcal mol À1 . In order to identify the relative magnitude of the various contributions to the complexation energy other than dispersion interactions, we performed natural energy decomposition analysis (NEDA) 29, 30 at the B3LYP/6-311+G** level ( Table 3 ). The results suggest that the main driving force for the chloride ion binding are electric interactions (EL), which include electrostatic interactions that originate from the charge distributions in each component before complexation (ES) and the interactions that result from the induced dipoles upon complexation (POL). The charge transfer interaction (CT), which reflects electron delocalization between filled orbitals on one of the units and unfilled orbitals on the other unit, plays a smaller but still significant part of the overall interaction with the value of CT reaching half the value of either ES or POL.
The NBO analysis (Table S2 in ESI †) also indicates that the major charge transfer component between the chloride ion and the neutral derivatives, 2a, 2b and 2d, arises from the interaction between the chloride filled orbitals and the s* of the methine C-H bond, and, to a lesser extent, from interactions of the chloride orbitals with the s* of the methine C-N bonds.
Notably, all three electrostatic components, ES, POL and CT are larger for sulfur (2b) than for oxygen (2a), reflecting the greater polarizability of sulfur. The largest difference is seen in the ES component, originating from the differences in the initial charges, as shown and discussed above ( Table 2) . Interestingly, the comparison between oxygen (2a) and nitrogen (2d) shows that all components are very similar except for the ES term, which is more negative for oxygen than for nitrogen.
This indicates that the main difference between them stems from the initial charge distribution before complexation, which reflects the higher electronegativity of oxygen relative to nitrogen whereas the polarization is similar.
Our next step was calculating the binding geometry of a chloride ion to tetramethylglycoluril, 4 ( Fig. 4) , which mimics the immediate environment of the glycoluril units within the bambusuril framework. With this model system the preferred position of the anion was found to be above the center of one of the five-membered rings with close contacts to two methine groups and two methyl groups, (Fig. 4, highlighted in blue, and Fig. S5, ESI †) . Another binding mode, 2.3 kcal mol À1 higher in energy, shows the chloride anion binding to two methyl groups and only one methine hydrogen (Fig. S5, ESI †) . Experimental verification of the above predictions was provided by the crystal structures of the triflate salts of 5b and 5c. (Table S1 , ESI † and Fig. 5 ). As seen in Fig. 5 , all oxygen atoms of the triflate anion maintain close contacts with four molecules of 5b or three molecules of 5c. Two molecules approach the anion their methine and methyl hydrogens whereas the others maintain close contacts with the anion by their guanidinium groups. Finally, encouraged by the experimental confirmation of our calculated interactions of the monomeric glycolurils we studied the structure of the hexameric macrocycles, 3, and their anion binding properties. Due to the relatively larger molecular dimensions we carried out these calculations at the M06-2X/6-31G** level. The energies, orbitals and electrostatic potential maps were all calculated at the M06-2X/6-311+G** level ( Table 4 ). The results indicate that all neutral bambusurils, 3a, 3b and 3d, follow the same order of binding strength predicted for the monomeric glycolurils, namely X = S 4 O 4 NH. Furthermore, in agreement with the binding properties of 2e, the charged bambusuril, 3e, was also found to be the best anion binder. Likewise, this trend is reflected by the LUMO energies.
Since the two dominant contributors to anion binding with the small model molecules, 2, were found to be polarization (POL) and electrostatic interactions (ES), we examined these factors also with the complete macrocycles, 3, as well. The ES could be evaluated from the electrostatic potential values along the z-axis, which is the main symmetry axis of the macrocycle (Fig. 6 ). We also calculated the electrostatic potential maps of 3 ( Fig. S6 -S10, ESI †). As can be seen from Fig. 6 , anions traversing through the cavity from one portal to the other would be attracted by a shallow double-well potential rather than by a deep, single-well potential. While the neutral molecules follow the above-described trend, X = S 4 O 4 NH, the charged derivative, 3e, exhibits a much stronger potential with continuous intensity along the cavity. This, rather unusual shape of electrostatic potential may allow for continuous flow of anions through the macrocycle cavity, suggesting that 3e could not only bind multiple anions along its main axis, but also function as a synthetic anion channel.
The polarization change upon binding to 3a, 3b and 3d can be assessed from the changes in NBO charges (Table S3 , ESI †). The results suggest that the main electrostatic changes occur at the vicinity of the methine hydrogens and at the heteroatoms of the portals, but not at the equatorial heteroatoms. Thus, the increased ability of the portal heteroatoms to act as an electron sink is manifested by stronger polarization and stronger anion binding. The prediction that the remote carbonyls at the portals influence the binding properties more strongly than the equatorial carbonyls, which lie closer to the binding site, seems counterintuitive. The remarkably different contribution of either portal or equatorial carbonyls to binding is also supported by previous calculations, which predicted that the change in the C-O stretching vibration frequency upon anion binding to bambus [6] urils would be more pronounced for the portal carbonyls rather than the equatorial carbonyls. 15 The dominant effect of the portal carbonyls also explains why 3b is a stronger anion binder than 3a, as predicted by calculations (Table 4 ) and demonstrated experimentally. 21 In 3b both effects operate in the same direction: first, the dipole moment of thiourea is larger than that of urea, 31 resulting in greater electrostatic interactions (ES), and second, sulfur is more polarizable than oxygen, resulting in a larger induced dipole (POL) and stronger interactions with this dipole.
Since the orientation of the induced dipole is crucial for binding, the above discussion leads to an interesting prediction that 3b would be a much better anion binder than its isomer, 3c. Although these two isomers differ only in the relative positioning of their sulfur and oxygen atoms, either at the portals or at the equator, their electrostatic potentials and binding energies are diametrically different. Thus, compound 3c has a lower electrostatic potential energy along the z-axis ( Fig. 6 ) and lower binding energy than 3a, 3b and 3d ( Table 4 ), indicating that replacing the portal heteroatoms with a stronger electron sink would enhance anion binding whereas analogous heteroatom replacements at the equator are counterproductive for anion binding.
Conclusions
In summary, this study was driven by the hypothesis that heteroatom replacement in bambusuril could significantly modify its anion binding properties. Indeed, calculations show that the energies of anion binding to either glycolurils, 2, or to bambusurils, 3, are strongly affected by the nature of the remote heteroatom X. Although these computations refer to the gas phase and the binding energies would be different in solution, they reveal trends of a predictive value. The most significant contributor to the general trend of increased anion a Optimizations were carried out at the M06-2X/6-31G** level and the energies were calculated for these structures with the M06-2X/6-311+G** method. Fig. 6 The electrostatic potential energy (EPE) calculated along the z-axis in 3a-e.
